Individualized targeted therapies for cancer patients require accurate and reproducible assessment of biomarkers to be able to plan treatment accordingly. Recent studies have shown highly variable effects of preanalytical variables on gene expression profiling and protein levels of different tissue types. Several publications have described protein degradation of tissue samples as a direct result of delay of formalin fixation of the tissue. Phosphorylated proteins are more labile and epitope degradation can happen within 30 min of cold ischemic time. To address this issue, we evaluated the change in antigenicity of a series of phosphoproteins in paraffin-embedded samples from breast tumors as a function of time to formalin fixation. A tissue microarray consisting of 93 breast cancer specimens with documented time-to-fixation was used to evaluate changes in antigenicity of 12 phosphoepitopes frequently used in research settings as a function of cold ischemic time. Analysis was performed in a quantitative manner using the AQUA technology for quantitative immunofluorescence. For each marker, least squares univariate linear regression was performed and confidence intervals were computed using bootstrapping. The majority of the epitopes tested revealed changes in expression levels with increasing time to formalin fixation. Some phosphorylated proteins, such as phospho-HSP27 and phospho-S6 RP, involved in posttranslational modification and stress response pathways increased in expression or phosphorylation levels. Others (like phospho-AKT, phosphor-ERK1/2, phospho-Tyrosine, phospho-MET, and others) are quite labile and loss of antigenicity can be reported within 1-2 h of cold ischemic time. Therefore specimen collection should be closely monitored and subjected to quality control measures to ensure accurate measurement of these epitopes. However, a few phosphoepitopes (like phospho-JAK2 and phospho-ER) are sufficiently robust for routine usage in companion diagnostic testing.
Individualized targeted therapies for cancer patients require accurate and reproducible assessment of biomarkers to be able to plan treatment accordingly. Recent studies have shown highly variable effects of preanalytical variables on gene expression profiling and protein levels of different tissue types. Several publications have described protein degradation of tissue samples as a direct result of delay of formalin fixation of the tissue. Phosphorylated proteins are more labile and epitope degradation can happen within 30 min of cold ischemic time. To address this issue, we evaluated the change in antigenicity of a series of phosphoproteins in paraffin-embedded samples from breast tumors as a function of time to formalin fixation. A tissue microarray consisting of 93 breast cancer specimens with documented time-to-fixation was used to evaluate changes in antigenicity of 12 phosphoepitopes frequently used in research settings as a function of cold ischemic time. Analysis was performed in a quantitative manner using the AQUA technology for quantitative immunofluorescence. For each marker, least squares univariate linear regression was performed and confidence intervals were computed using bootstrapping. The majority of the epitopes tested revealed changes in expression levels with increasing time to formalin fixation. Some phosphorylated proteins, such as phospho-HSP27 and phospho-S6 RP, involved in posttranslational modification and stress response pathways increased in expression or phosphorylation levels. Others (like phospho-AKT, phosphor-ERK1/2, phospho-Tyrosine, phospho-MET, and others) are quite labile and loss of antigenicity can be reported within 1-2 h of cold ischemic time. Therefore specimen collection should be closely monitored and subjected to quality control measures to ensure accurate measurement of these epitopes. However, a few phosphoepitopes (like phospho-JAK2 and phospho-ER) are sufficiently robust for routine usage in companion diagnostic testing. Recently, efforts have been made to improve individualized targeted therapy for cancer patients according to the expression of specific genes and proteins [1] [2] [3] [4] and according to their status of activation as characterized by phosphorylation of specific epitopes. Phosphorylation of proteins is one of the most important modulatory mechanisms of activation of a number of molecular pathways and a potential indicator of cellular proliferation, migration, and other cellular functions. [5] [6] [7] [8] [9] Thus, identification of activated pathways in tumor specimens is an essential element in efficient cancer diagnosis and treatment. [6] [7] [8] [9] [10] [11] Protein phosphorylation is a dynamic balance between two opposite events: phosphorylation by highly specific kinases and dephosphorylation by less-specific phosphatases. [12] [13] [14] To utilize phosphoproteins as markers of cellular signaling activity and tumor proliferation, 6, 8, 9 it is crucial to assess their expression levels in tissue specimens that reflect the in vivo status as accurately as possible. Elevated expression levels of phospho-AKT, phospho-ERK1/ 2, phospho-mTor, and phospho-p20S6K, for example, have been described to be associated with tamoxifen resistance in postmenopausal breast cancer patients. 15 Similarly elevated phospho-S6 kinase-1 and phospho-AKT levels are said to predict resistance to neoadjuvant chemotherapy 16 Recent studies have emphasized the importance of tissue handling and standardization of preanalytical variables as these can have dramatic impact on the quality of harvested tissue and therefore on protein expression levels. [17] [18] [19] [20] [21] [22] [23] This often requires special attention to tissue handling avoiding modification of protein levels after vessel ligation and removal of the tissue. 24 Routinely, specimen samples obtained from biopsies or surgical procedures are examined by pathologists before further processing or formalin fixation. [25] [26] [27] However, the current standard methods of measurement on FFPE material may have significant limitations in accuracy. The American Society of Clinical Oncologists and College of American Pathologists has published guidelines for the assessment of estrogen receptor (ER) and progesteron receptor in breast cancer, capping cold ischemic time at 1 h. 28 However, these guidelines do not address the assessment of other markers in the research setting. Specifically, these guidelines do not mention phosphoepitopes that have been shown to be altered by delays in time-to-fixation. 18, 20 There are relatively few studies or quantitative data about phosphoproteins and how their expression is affected by tissue extraction, preservation methods, processing, and time-to-fixation. The standard practices of ex vivo tissue handling are based on old protocols for tissue formalin fixation, often with no special care to reduce the time-tofixation. 25 The use of these routinely handled samples for assessment of phosphoepitopes may lead to inaccuracy and nonreproducibility.To address this question, we have quantitatively evaluated the expression of a series of phosphoepitopes in paraffin-embedded samples from breast tumors. We seek to determine which phosphoepitopes may be studied on routine tissue and which would require special handling.
MATERIALS AND METHODS
Our study was focused on evaluation of 12 phosphospecific antibodies, which have an important role in cell proliferation pathways as phosphorylated-activated proteins, which are reported to be involved in development of resistance to therapeutic regimens, and might potentially, become companion diagnostic tests for new targeted therapies. The antibodies, clones, their significance for research and clinical setting, and antibody specific heat induced antigen retrieval (HIER) methods are summarized in Table 1 .
Patient Cohorts
For the assessment of possible changes in protein expression as a function of time to formalin fixation, a cohort of breast cancer cases, was prospectively collected at the Rochester University, School of Medicine in New York. For this cohort preanalytical variables in tissue processing were tightly controlled and documented, with a focus on cold ischemic time. After collection and formalin fixation of the tissue specimens, a tissue microarray (TMA) was constructed to enable highthroughput analysis of various biomarkers. This array consists of FFPE tissues of twofold redundant specimens from 93 breast cancer patients (two histospots per case) with recorded time from surgical resection to immersion of the specimen in formalin. Time to formalin fixation or cold ischemic time of these cases ranges from 25 to 415 min, with 70% of the cases being formalin fixed within 120 min after surgical removal of the tissue (Table 2 and Supplementary Figure 1) . All tissue was used after approval from the Institutional Review Boards at both Yale University and University of Rochester. Written informed consent was obtained from all patients for their tissue to be used in research.
Immunohistochemical Staining
Slides were deparaffinized with xylene and rehydrated with ethanol. Antigen retrieval was performed using citrate buffer (pH ¼ 6) or Tris EDTA buffer (pH ¼ 8), at a temperature of 97 1C for 20 min. After blocking of endogenous peroxidase with methanol and hydroxyl peroxide, slides were preincubated with 0.3% bovine serum albumin in 0.1 mol/l of Tris-buffered saline for 30 min at room temperature. This was followed by incubation of the slides with the primary antibody and cytokeratin over night at 4 1C. Mouse/rabbit EnVision reagent (Dako North America, Inc., Carpinteria, CA, USA; neat) and Alexa 546 conjugated goat anti-rabbit/ mouse secondary antibody (Molecular Probes, Eugene, OR, USA 1 to 100) were used as secondary antibodies followed by Cy5-tyramide (Perker Elmer, Life Science, MA, USA). DAPI staining containing 4 0 6-diamidino-2-phenylindole was used to identify tissue nuclei. All staining was performed using the Lab Vision Autostainer 720 from Thermo Scientific (Waltham, MA, USA).
Antibody Validation
Each antibody was validated using an abbreviated, previously described, protocol. 29 In brief, each antibody was titrated on test TMAs, consisting of 40 breast cancer samples. The breast cancer samples represented on the test TMA are formalin fixed and paraffin embedded, and were collected from the Yale Archives (New Haven, CT, USA). Exact processing time for these specimens is not recorded. However, cold ischemic time of routinely processed breast cancer samples does not exceed 1 h, following the ASCO/CAP guidelines. Specificity of staining was determined and an optimal titer for the evaluated antibody was chosen according to an expression range graph, which allows objective assessment of the optimal dynamic range, as well as signal-to-noise ratio of the marker of interest. The optimal dynamic range is calculated as the ratio between the top 10% to the lowest 10% AQUA scores for a given biomarker. Specificity was further determined by immunoblotting and detection of a single band at the right molecular weight. These efforts were followed by staining and QIF analysis of a cell line TMA, containing cell lines used for immunoblotting and correlation of these results with the immunoblot. Reproducibility of the antibody was assessed with AQUA analysis of serial sections of test arrays stained under the same conditions on different days. Assessment of this test TMA with 40 breast cancer samples and of the cell line TMA consisting of breast cancer cell lines allowed us to identify positive and negative surgical specimens and cell lines for the protein of interest. These TMAs served then as positive and negative controls for phosphatase assays and quality control and reproducibility for the following assays. Specificity of the antibodies targeting phosphorylated proteins was evaluated by phosphatase assays. In brief, test TMAs were incubated with Lambda protein phosphatase (New England Biolabs, Danvers, MA, USA) according to the manufacturer's instructions, followed by regular immunostaining as described above. Positive controls of test TMAs without phosphatase treatment were simultaneously incubated with the given antibody. Phosphorylated antibodies were considered as validated and were used for further measurements only when the phosphatase-treated slides showed a reduction in AQUA score levels at or below the signal-to-noise cutpoint (Supplementary Figure 2) .
AQUA Analysis
Protein expression levels were quantified using the AQUA method of quantitative immunofluorescence (QIF) described previously. AQUA allows exact and objective measurement of fluorescence intensity within a defined tissue area, as well as within subcellular compartments. 30 Briefly, a series of monochromatic high-resolution images were captured using an epifluorescent microscope platform and signal intensity of the target of interest was measured according to a previously Cold ischemia affecting phosphoproteins M Vassilakopoulou et al described algorithm. For each TMA histospot, images were obtained for each fluorescence channel, DAPI (nuclei), Alexa 546 (cytokeratin), or Cy5 (target probe). To distinguish tumor from stroma and other parts, an epithelial tumor 'mask' was created by dichotomizing the cytokeratin signal and target protein was quantified only in the tumor by dividing the target protein compartment pixel intensities by the area of the compartment within which they were measured.
Statistical Analysis
To assess reproducibility of the assays and correlation of AQUA scores for each marker between corresponding histospots on the TMAs, we used Pearson's correlation coefficient. On the TMA series, two histospots were measured and averaged. The average sample intensities were then log 2 -transformed and standardized; the time-to-fixation was also log 2 -transformed. For each marker, we performed least squares univariate linear regressions and computed the slope and intercept. Confidence intervals (CIs) were computed using bootstrapping; we also computed empirical CIs for a sample consisting of 10 times the number of available observations, also using bootstrapping. This procedure has been previously described. 17 Because of missing values, different markers had different numbers of observed pairs of intensity and time-to-fixation measurements. In detail, separately for each marker, a new sample of size M was constructed by sampling with replacement from the available M measurements, where M was the number of nonmissing specimen histospot measurements of the given marker. Ordinary least squares estimates for the slope and intercept were computed for the bootstrapped sample, together with the predicted values for the entire time-tofixation domain. The process was repeated 100 000 times. For each time-to-fixation in the range between 0.1 and 7 h, we computed the 95% CI of the estimated log 2 -transformed standardized intensity. To examine the sample size effect on the 95% CI, we also estimated the 95% CIs for a sample of 10 times the number of nonmissing pairs of intensity and timeto-fixation (10 Â M). A 90% CI of the slopes and of the fitted log 2 -transformed standardized marker intensity was also computed for completeness.
We divided the markers into five categories. A marker was labeled as 'increase' when the 95th percentile of the slopes obtained by bootstrapping for n ¼ M was 40. Similarly, a marker was labeled as 'decrease' when the 95th percentile of the slopes obtained by bootstrapping for n ¼ M was o0. A marker was labeled as 'no change' when the 95% CI for the slope with both n ¼ M and n ¼ 10 Â M included the zero slope. A marker was labeled as 'trend up' or 'trend down' when the 95% CI for the slope with n ¼ M included the zero slope, however, the 95% CI for the slope with n ¼ 10 Â M did not include it. In this situation, it is possible that a larger sample size might have enabled detection of a monotonic relationship between the measured intensities and the timeto-fixation.
Statistical analyses were performed using the R package (www.r-project.org).
RESULTS
Phosphoantibodies commonly used in research settings, were tested for specificity and reproducibility. Out of 17 antibodies tested, 12 antibodies validated according to the above described validation protocol for specificity and reproducibility. These proteins revealed the correct subcellular localization for QIF, the immunoblot showed the correct molecular weight and correlated with QIF analysis of the TMA containing corresponding cell lines. Reproducibility of the antibody was assessed with AQUA analysis of serial sections of test arrays stained under the same conditions on different days. An r 2 of 0.75 and above was defined as sufficient antibody reproducibility. Also, the phosphatase experiments showed sufficient reduction of signal for the antibodies. The validated phosphoantibodies and epitopes, and specific staining conditions are summarized in Table 1 .
The validated antibodies were subsequently tested on the time-to-fixation array to evaluate possible changes of expression levels, according to increasing cold ischemic time of tissue specimens. After QIF analysis of the proteins on the time-to-fixation cohort, least square univariate regressions were performed for each marker, the slope, intercept, and CI were computed. This procedure was performed for each marker for the number of nonmissing samples and for 10 times the number of available observations, which were computed by bootstrapping and resampling. Although 12 phosphoantibodies validated according to the described protocol and all of these proteins were assessed on the timeto-fixation TMA, we report results on 11 epitopes only. Owing to the limited number of patient samples showing Her2 amplification or an equivocal Her2 status, the number of samples with elevated phospho-Her2 levels was limited too. This cohort collection consists of 93 patient samples, out of which 24 cases are positive for Her2, and only a percentage of those show levels of phospho-Her2 expression above the threshold to noise signal as measured by QIF. The cohort is therefore statistically underpowered to draw conclusions regarding epitope stability of this analyte according to cold ischemic time.
Phosphorylated Proteins Which do not Show Any Change in Antigenicity within the Cold Ischemic Time Tested
Within the time-to-fixation range of the specimens collected, two antibodies, phospho-ER and phospho-Jak2, do not detect any change in antigenicity as a function of time-tofixation (phospho-ER: P-value 0.3 for n ¼ M and 0.17 for n ¼ 10 Â M; phospho-Jak2: P ¼ 0.61 for n ¼ M; and P ¼ 0.11 for n ¼ 10 Â M ). The 95% CIs of the slopes for M samples, as well as 10 Â M samples, where M stands for the number of nonmissing cases, include the zero slope, therefore showing consistent protein expression along the time line recorded here ( Figure 1a) . Also calculations for 90% CI confirm results for this patient cohort (data not shown).
Phosphorylated Proteins that Lose Antigenicity with Increased Cold Ischemic Time
The proteins phospho-Tyrosine 4G10 and phospho-Erk1/2 show dramatic loss of antigenicity within a short period of cold ischemic time as demonstrated in Figure 1b and Table 2 (Po0.0005 for n ¼ M and n ¼ 10 Â M for phospho-Tyrosin; P ¼ 0.053 for n ¼ M and Po0.0005 for n ¼ 10 Â M for phospho-Erk1/2). There is a trend toward loss of epitope for a number of phosphoproteins tested. These include phospho-AKT 473, phospho-mTor, phospho-Stat3, phospho-SAPK, and phospho-Met. For these proteins the 95% CIs for n ¼ M includes the zero slope whereas the 95% CI for n ¼ 10 Â M does not include the zero slope, suggesting that these trends may be uncovered by testing larger sample sizes, or longer cold ischemic times ( Figure 1c and Table 2 ). Although loss of antigenicity according to increased time to formalin fixation for these proteins does not reach statistical significance, a negative result in assays with these antibodies should be considered as a potential false-negative one until the antibody is validated for the specific specimen type and fixation times to be used in the routine assay.
Upregulation of Protein Expression as a Response to Increased Cold Ischemic Time
After vessel ligation and removal of the specimen, the tissue is still viable for some period of time, although it rapidly becomes hypoxic. The tissue may show reaction to this stress by upregulation of signaling pathways associated with metabolic stress and hypoxia. In this context, we see an increase in antigenicity of the heat-shock protein phospho-HSP27 (P ¼ 0.058 for n ¼ M and Po0.0005 for n ¼ 10 Â M) and a trend towards elevated levels of the ribosomal protein phospho-S6 (P ¼ 0.36 for n ¼ M and P ¼ 0.0042 for Figure 1 All validated phosphoantibodies were tested on the time-to-fixation TMA. The average sample intensities and the cold ischemic time were then log 2 -transformed. Least squares univariate linear regressions were perfomed. Confidence intervals (CIs) were computed using bootstrapping for the number of nonmissing values (n ¼ M) and for 10 times the number of nonmissing values (n ¼ 10 Â M). (a) Summary of phosphorylated epitopes that do not show any change of expression levels with increasing cold ischemic time, whereas others reveal marked loss of phosphoepitopes as shown in (b). Several markers include the zero slope for the 95% CI for n ¼ M, whereas the zero slope is not included for the 95% CI for n ¼ 10 Â M suggesting that a bigger sample size might be necessary to reach statistical significance (c). Markers of post-translational modification, such as phospho-S6 and phospho-HSP27 show a significant increase in expression levels with delayed time to formalin fixation (d).
Cold ischemia affecting phosphoproteins M Vassilakopoulou et al n ¼ 10 Â M) as demonstrated in Figure 1c and Table 2 . Eventually, we would expect these increases to plateau and ultimately decrease, but in the relatively short cold ischemic time examined in this study, these markers show a measurable positive change.
DISCUSSION
The study described here is an assessment of the effect of time-to-fixation on the expression of several signaling transduction phosphoproteins in breast cancer specimens using the method of QIF. However, beyond time-to-fixation, there are many other variables that can alter tissue quality and should be considered in assessment of biomarkers using antibody probes. This list includes the origin of the excised organ or tissue, surgical practices including anesthetic, pathology practices for tissue preservation and handling, classes of signal pathway proteins under analysis, and many other unknown factors with confounding impact in [31] [32] [33] In this study, we use QIF to provide a reliable, reproducible and reader-independent method of quantification of analytes in efforts to more precisely define the specific effects of cold ischemic time. To focus on cold ischemic time, the design of this study, using a prospectively collected patient cohort with recorded cold ischemic time, provided additional reliability for these measurements. However, even with these focused efforts, we are unable to exclude the effects of other preanalytic variables on phosphoepitope stability and encourage assay development teams to consider all preanalytic variables in their assay design.
The results of our analysis show a statistically significant loss and a clear trend of loss of epitopes with increasing timeto-fixation for the majority of the phosphoproteins tested. These results of loss of phosphoepitopes are consistent with some of the previous studies testing stability of phosphorylated proteins in cancer tissues. Baker et al 12 assessed the expression of phospho-Ser 473 -AKT by IHC on a series of paired biopsies and resections reporting significant decrease of the phosphoprotein levels in tumor resections compared with biopsies. This group suggests that post-excisional dephosphorylation of proteins might occur in tissue specimens over time before formalin fixation. Bai et al 20 reported previously a significant loss of the phosphoproteins phosphoErk, phospho-Akt, and phospho-S6K1 on tissue resections on a retrospectively collected series of breast cancer cohorts of paired core needle biopsies and tumor resections. Pinhel et al 18 reported similar results for phopho-ERK and phospho-AKT. These and similar studies enhance the speculation that there is an important dephosphorylation of proteins in surgical specimens as a result of endogenous tumor phosphatase activity related to delayed fixation. Phosphoepitopes on tissue specimens of routine surgical resections are likely to have undergone changes of post-translational modification and might not reflect the in vivo status of the tumor. 19 Interestingly, we report an increase in epitope levels of phospho-HSP27, a small heat-shock induced protein and apoptosis modulator, as a function of prolonged cold ischemic time. It is believed that this protein in the phosphorylated form has a role in increasing cell survival in stress situations and is upregulated in breast and other cancers. [34] [35] [36] Espina et al 19 have previously provided evidence about the post-excisional reactivity and dynamic state of tissues and the major molecular events and adoptive cellular mechanisms in response to stress, hypoxia, and other environmental factors.This result was also consistent with the previous study from our team showing that some proteins that are expressed in response to hypoxia, presented increased expression with increased time-to-fixation. 17 We did not observe any change in expression levels of phospho-ER that are potentially valuable as a companion diagnostic test for breast cancer specimens. It has been shown that phospho-HER2 is seen in only a subset of HER2 amplified breast cancers and there is some data suggesting that it is a prognostic factor. 37 However, only a small subset of patients in our cohort is HER2 amplified and an even smaller subset shows high expression of phospho-HER2. Thus interpretation of these results is limited owing to a very small sample size of the population. Therefore this variable has been omitted from consideration in this series.
Another limitation of our study is that the assessment of the phosphoepitopes was performed with one epitope specific antibody for each protein, respectively one polyclonal antibody. The results reported here are therefore only applicable to the specific antibody, which was investigated. Although we evaluated antibodies most commonly used in research settings and validated them rigorously, we are unable to generalize our findings of loss of epitope expression to overall biomarker stability, but rather describe the influence of cold ischemic time on the specific epitopes tested here. Furthermore our study was performed on a single cohort. However, similar trends of loss of phosphoepitopes have been reported previously, 18, 20 None the less, validation on another cohort could strengthen these results. Also, the trends seen here may become statistically stronger with larger sample sizes and other patient cohorts. Finally, another weakness of this work consists of the fact that analysis was performed on breast cancer tissue only. Different tumor types may show different reactions to preanalytic variables as a function of the variable cellular composition of different specimens. [38] [39] [40] To our knowledge, this study is the first to show quantitative assessment and reporting on a series of different phosphoepitopes that might be altered through preanalytical variables. This study and others suggest future work that is specific to other tumor types and other preanalytic variables to help guide protocols for future companion diagnostic tests. We hope to see the evidence produced here and by other investigators to help establish guidelines for immunohistochemisty with respect to preanalytic variables.
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